Introduction
The male-specific region of the human Y chromosome (MSY) constitutes 95% of the Y chromosome, does not recombine with the X chromosome and is transmitted clonally from father to son. Nearly half of the euchromatic MSY consists of ampliconic (repetitive) sequences that contain 135 out of the 156 MSY transcription units. Almost all of these multicopy genes are expressed either predominantly or exclusively in the testis .
Not surprisingly, Y chromosomal deletions that remove some of these testis-specific genes negatively affect sperm production (Reijo et al., 1995; Vogt et al., 1996; Repping et al., 2002 Repping et al., , 2003 . Azoospermia factor c (AZFc) deletions remove 13 genes of five gene families and are found in 10-15% of men with either azoospermia, i.e. the complete absence of sperm from the ejaculate, or oligozoospermia defined by the World Health Organization (WHO) criteria for normal spermatogenesis as a sperm count ,20 × 10 6 /ml or a total sperm count ,40 × 10 6 (World Health Organization, 1992; Noordam and Repping, 2006) . This makes the AZFc deletion the most common molecular cause of azoo-or oligozoospermia (Kuroda-Kawaguchi et al., 2001) . In addition to the deletion that removes the entire AZFc region, three recurrent partial AZFc deletions have been described, i.e. the gr/gr, b1/b3 and b2/b3 deletions. The gr/gr deletion is a significant risk factor for spermatogenic failure, while the b1/b3 and b2/b3 deletions do not seem to affect sperm production (Repping et al., , 2004 Fernandes et al., 2004) .
All known recurrent deletions occurred via homologous recombination between ampliconic sequences, except for two P5/distal-P1 deletions that occurred via non-homologous recombination (NHR) and had proximal and distal breakpoints inside palindromes (Repping et al., 2002) . As palindromes are inherently unstable, the extensive palindromic structure of the human Y chromosome could make it prone to deletions via NHR. NHR does not require identical target sequences but instead results in ligation of two DNA break ends via non-homologous end-joining or microhomology-mediated end-joining (Moore and Haber, 1996; McVey and Lee, 2008) . The AZFc region in particular might be susceptible to DNA breaks and hence NHR, since it is constructed almost entirely of three palindromes, namely P1, P2 and P3.
The aim of our current study was to search for novel deletions in the AZFc region caused by NHR and-if present-to determine their effect on semen quality.
Materials and Methods

Samples
We included a total of 1237 men originating from two series.
The first series consisted of 237 men with either azoospermia or severe oligozoospermia, i.e. a total sperm count ,10 × 10 6 , and 148 men with normozoospermia according to WHO criteria, which was used in a previous study by our group (World Health Organization, 1992; Repping et al., 2003) . Written informed consent was obtained from all men.
The second series consisted of 852 consecutively included male partners of subfertile couples unselected for sperm count, who presented at the Center for Reproductive Medicine of the Academic Medical Center from January 2000 until July 2006, and from whom written informed consent was obtained.
In both series, all men had a normal phenotype but they were excluded if they had known causes of spermatogenic failure, namely hyperprolactinemia, hypogonadotrophic hypogonadism, previous chemo-or radiotherapy, bilateral cryptorchidism, surgery of the vas deferens, orchitis and bilateral orchidectomy. Men were also excluded if the fertility workup identified retrograde ejaculation, obstructive azoospermia, an AZFa, P5/ proximal-P1, P5/distal-P1, AZFc or gr/gr deletion, or numerical or structural chromosome abnormalities.
A minimum of two semen analyses were performed as part of the fertility workup for each patient according to WHO guidelines. From each patient, genomic DNA was extracted from a venous blood sample. Lymphoblastoid cell lines were generated using Epstein-Barr virus transformation (Fukushima et al., 1992) .
Low-resolution sequence-tagged site deletion screening All men were screened for (partial) deletions in the AZFc region using plus/minus polymerase chain reaction (PCR) for the following lowresolution sequence-tagged sites (STSs): sY142, sY1191, sY1197, sY1201, sY1206 and sY1291, as described previously (Repping et al., , 2004 .
Breakpoint localization strategy
To precisely localize the breakpoint regions in men with novel deletions that could be the result of NHR, we used combinations of the following methods: (1) high-resolution proximal breakpoint mapping using plus/ minus PCR assays; (2) low-resolution distal breakpoint mapping using Southern blot; (3) amplicon copy number and AZFc structure determination using fluorescence in situ hybridization (FISH); (4) high-resolution mapping of the breakpoints using quantitative real-time PCR (qPCR); and (5) amplification of the breakpoint sequence by PCR.
Owing to the highly repetitive nature of the AZFc region, not all methods were applicable for each deletion. For instance, some regions in amplicons are so identical that it was impossible to design amplicon arm-specific primers and therefore high-resolution breakpoint mapping was impossible for deletions that were located within these regions. We used the following methods for each patient: for AMC0019 and AMC0443, we used methods 1, 3 and 4; for AMC0049, AMC0131 and AMC0687, we used methods 1, 4 and 5; for AMC0049 and AMC0131, we also used method 3; for AMC0078, AMC0371 and AMC0556, we used methods 1 and 2.
High-resolution deletion screening
We used published and specifically designed plus/minus PCR assays to narrow down the deletion breakpoints in men with novel deletions. PCR primers are provided in Supplementary data, Table SIa and b.
Low-resolution distal breakpoint mapping using Southern blot First, we digested 10 mg of DNA samples overnight using 60 U of the restriction enzymes DraIII, BamHI or EcoRV. Next morning, 10 additional units were added and the samples were incubated for an additional 2 h. Samples were then separated via pulse-field gel electrophoresis on a 1.5%, 0.5× Tris -borate -EDTA gel. After electrophoresis, the gel was depurinated in 0.25 N HCl for 20 min followed by a denaturation in 0.5 M NaOH, 1.5 M NaCl for 40 min and transferred overnight to a Hybond XL nylon membrane using the denaturation buffer. The probes were labeled using a Megaprime labeling kit according to the manufacturer's protocol (Amersham). All membranes were hybridized with sY1617, using Church and Gilbert hybridization buffer, overnight at 528C. Next morning, these membranes were washed for 2 × 15 min in 2× standard saline citrate (SSC), 0.1% sodium dodecyl sulphate (SDS) and 1 × 15 min in 2× SSC, 0.1% SDS at 658C. The membranes were exposed to a radiation-sensitive film (Xomat AR, Kodak) and stored at 2808C. Films were developed after a 24 h exposure.
Fluorescence in situ hybridization
FISH was performed as previously described to determine the copy number and organization of the AZFc amplicons using previously described probes that target the red (63C9,18E8), green (336F2), yellow (79J10), gray (366J6) and blue (221K04) amplicons and newly designed probes that target the green (17920/1) and turquoise (15457/8) amplicons of the AZFc region (Supplementary data, Table SII) .
Real-time quantitative PCR
We performed qPCR using a Universal probe system (Exicon probes, Roche diagnostics, Mannheim, Germany) and a primer set that amplifies a segment of the amplicon of interest to localize the breakpoint in repetitive regions. Supplementary data, Table SIII lists all primer sets and probe combinations used for the qPCR assays.
The PCR cycling conditions were 15 min at 958C, followed by 50 cycles of 1 min at 958C, 20 s at 558C and 20 s at 728C and finally 20 s at 408C. The total volume for each PCR mix was 20 ml. The PCR mixes consisted of 10 ml of ABsolute QPCR Capillary Mix (Abgene), 1 ml of primerset (10 mM), 0.2 ml of Universal probe and 8.8 ml of genomic DNA (50 ng/ml). Samples were run on a Roche Lightcycler 2.0 system (Roche Diagnostics).
All samples were tested in duplicate in two separate experiments. Samples with known variations of the ampliconic regions of interest, on the basis of FISH, were used as a reference in each experiment.
Amplification and sequencing of deletion junctions
Breakpoint amplification was performed using the forward primer from the primer set closest to the proximal breakpoint and the reverse primer from the primer set closest to the distal breakpoint. The resulting PCR products were sequenced using the same primers, a Big Dye Terminator kit and an ABI 3700 automated sequencer (Applied Biosystems).
Y chromosome haplotyping
We haplotyped Y chromosomes using the Y-linked polymorphisms DYS257, M2, M9, M21, M26, M44, M75, M82, M89, M96, M132, M170, M174, M201, M215, M227, M253, P2, P109, P110, P177, P259, p12f2, SRY10831 and YAP (Karafet et al., 2008) .
Microsatellite analysis
We performed microsatellite analysis using the markers DYS385, DYS389I, DYS389II, DYS390 and Y-GATA-C4, as previously described (Kayser et al., 1997) .
Statistical analysis
In the consecutively included 852 men, we compared the semen quality of men with deletions with that of the men without a deletion in the AZFc region. In all analyses, we used the average of all available data for semen from each patient.
Semen quality was compared using T-tests for parameters for which we confirmed normal distribution, namely volume, motility and morphology, and Mann -Whitney tests for semen parameters that were not normally distributed, i.e. concentration, total sperm count and total motile count.
A P-value of ,0.05 was considered statistically significant. Analysis was carried out using the Statistical Package for the Social Sciences for Windows 13.0.
Results
Baseline characteristics
Mean age and semen quality of the 237 men with either azoospermia or severe oligozoospermia, the 148 men with normozoospermia and the consecutively included cohort of 852 men are shown in Table I .
Low-resolution breakpoint mapping
We identified five men, namely AMC0019, AMC0049, AMC0131, AMC0443 and AMC0687, with a deletion of STS markers sY1191 and sY1197 and three men, AMC0078, AMC0371 and AMC0556, with a deletion of the STS marker sY1197. These STS patterns cannot be explained by homologous recombination between amplicons.
High-resolution breakpoint mapping
In one man (AMC0443), the proximal deletion breakpoint was located between sY1259 and sY1294 just proximal to the P3 palindrome, within the RBMY array ( Fig. 1 , Supplementary data, Table SIa ). In another man (AMC0019), the proximal breakpoint was located between sY1160 and sY1259, within the b1 amplicon. For three men (AMC0049, AMC0131 and AMC0687), the proximal breakpoint region was located in a 100 bp region in the proximal turquoise amplicon t1. For the remaining three men (AMC0078, AMC0371 and AMC0556), the proximal breakpoint region was located in a 300 bp region between sY1617 and sY1618.
Since all deletions encompassed the P3 palindrome but had four distinct proximal deletion breakpoints, we termed these deletions P3a (AMC0443), P3b (AMC0019), P3c (AMC0049, AMC0131 and AMC0687) and P3d (AMC00078, AMC0371 and AMC0556).
Amplicon copy number and AZFc structure determination
Using one-color FISH, we found that the two men with the P3a and P3b deletions both had a deletion of one red, one green, two blue and two turquoise amplicons (Table II) . The two men with the P3c deletion of whom cells were available for FISH analysis were missing two red, one blue and one turquoise amplicon. In addition, both men were missing Deletions in AZFc caused by non-homologous recombination one entire and one partial green amplicon indicated by the presence of one signal for probe 17920/1 and the presence of two signals (one strong and one faint) for probe 336F2 (Figs 1C -E and 2, Table II ). For one man (AMC0687), no cells were available for FISH analysis. Onecolor FISH using the turquoise-specific probe (15457/8) did not show a deletion of the turquoise amplicons in the men with P3d deletions. Using two-color FISH, we determined the order of the red, green and yellow amplicons. The P3a and P3b deletions had a red-green-redgreen, green -yellow-green-yellow, red -yellow-red -yellow organization, indicating that their distal breakpoint lies between the proximal part of the first and the distal part of the second red amplicon (Table II, Fig. 2 ). The P3c deletions had a green -red-green, greenyellow-green-yellow, yellow-red-yellow organization, indicating a distal breakpoint between the distal part of the second red amplicon and the proximal part of the second green amplicon (Table II, Fig. 2 ).
These AZFc organizations indicate that every deletion arose on an inverted variant of the AZFc region (Fig. 1A) .
Distal breakpoint mapping using Southern blot
Using BamHI digestion and a probe that hybridizes just proximal to the proximal breakpoint in the P3d deletions, we found that the distal breakpoint was located within the RBMY gene which is located within the turquoise amplicon t2 (Fig. 3) .
Distal breakpoint mapping using qPCR
We designed multiple qPCR assays that covered the red and green amplicons in which the distal breakpoints resided for the P3a, P3b and P3c deletions (Supplementary data, Table SIII) . Using this strategy, we localized the breakpoint regions of the deletions of the P3a and P3b in the red amplicons to 200 kb and of the P3c deletions to a 4 kb region within the green amplicon (Fig. 1F) . For the P3d deletions, it was impossible to design specific qPCR assays to map the distal breakpoint since the turquoise amplicon shares homology with regions outside of the P3 palindrome. 
Note: for AMC0687, no cell line was available.
a For determining the AZFc organization, we used the following probes: 336F2 (green/G), 79J10 (yellow/Y) and 18E8 (red/R). Probe 18E8 gives a single signal for each DAZ cluster (which consists of two red amplicons).
b
In these two cases, we observed one intense and one weak signal for probe 336F2 which we interpreted as the presence of one complete green amplicon and one partial green amplicon with a breakpoint somewhere in the area targeted by probe 336F2 (see Fig. 1 ). 2, not done.
Figure 2 Two-color FISH results for determining AZFc organizations in three men with a deletion and one control, using the following probes: 336F2
(green/G), 79J10 (yellow/Y) and 18E8 (red/R). See also Table II .
Deletions in AZFc caused by non-homologous recombination
Amplification of breakpoint sequence
As we had localized the proximal and distal breakpoint of the P3c deletions to a 4 kb region, we set out to amplify the deletion junction for this deletion. A PCR assay using the forward primer from the primer set closest to the proximal breakpoint and the reverse primer from the primer set closest to the distal breakpoint resulted in PCR products in the deleted men and not in control men (Fig. 4A) . Analysis of the breakpoint sequences showed that the chromosomes of these three men with deletions had undergone an identical recombination between the distal part of the turquoise amplicon and the proximal part of the green amplicon (Fig. 4B) . The breakpoint sequence did not show any substantial homologous sequence at the site of crossing over. We were unable to localize the breakpoint region in the men with the three other deletions to a size that allowed breakpoint amplification (,10 kb). However, a Blast search of the proximal to distal breakpoint regions in these men did not indicate any substantial stretch of sequence homology (data not shown).
Y chromosome haplotyping
Haplotype analysis revealed that the P3a and P3b deletions both reside in haplotype branch G.
P3c deletions had an identical haplotype, namely I1*. Haplotype analysis of all consecutively included men identified 93 (11%) undeleted men in this branch, indicating that the founder of this branch was not P3 deleted (Fig. 5) .
P3d deletions all resided in branch E1a*. Only one additional man of the consecutively included cohort (0.1%) was in this branch; this man did not have a P3d deletion. We observed a partial duplication within the Y Alu polymorphic (YAP) insert that marks branch E1a* in the three P3d deleted men as well as in the undeleted man from branch E1a*.
Microsatellite analysis
There was no variation in any of the microsatellite markers for the P3c deletions, whereas considerable variation was present in other samples of branch I1* (data not shown). In contrast, the P3d deleted and the singe undeleted man from branch E1a* with the ) . The unique band detected in the three patients with the deletion is therefore most probably built up of the fragment between the first BamHI restriction site and sY1618 (12 kb) and a fragment proximal to the BamHI restriction site, indicated with an asterisk. Black indicates that the specific region is present, white indicates the deletion of a region and gray indicates regions of uncertain presence. As a result, the distal breakpoint in the patients with this deletion is located in RBMY1.
partial duplication of the YAP insert showed considerable variation in DYS385 (13-15, 15 -16), DYS390 (21 -22) and Y-GATA-C4 (26 -27).
Effect on gene copy number
Six to nine copies of AZFc genes were deleted in the man with the P3a deletion, six or seven gene copies in the man with the P3b deletion and seven gene copies in the men with the P3c deletion. No single AZFc-gene family was removed completely as a result of these deletions, except for the PTP-BL Related on Y (PRY) gene of which both copies were deleted in the P3a and P3b deletions. From the Y chromosomes of the men with P3d deletions, a single copy of RBMY was deleted (Table III) .
Phenotypic effect of P3 deletions
The men with P3a, P3c and P3d deletions originated from the series of 852 consecutively included male partners of subfertile couples while the man with the P3b deletion originated from the series of 237 men with either azoospermia or severe oligozoospermia. The semen parameters of the man with the P3a deletion were within the normal range, while the man with the P3b deletion had oligoasthenoteratozoospermia, i.e. low sperm concentration, low motility and poor morphology (Table IV) . The three men with the P3c deletion had a significantly higher total sperm count than men without a deletion in the AZFc region in this series (378.8 versus 153.9 × 10 6 , P ¼ 0.04, Fig. 6 , Supplementary data, Table SIV ). The difference in sperm concentration (115.5 × 10 6 versus 51.1 × 10 6 /ml) was borderline significant (P ¼ 0.062) and no differences were found in volume, motility, morphology and total motile count. In the men with the P3d deletion, there were no significant differences in any semen parameters compared with those with no deletion. We then compared the semen quality of the three men with identical deletions with that of all other men from the consecutive cohort from branch I1* with no deletion in the AZFc region (n ¼ 93) and found that the three men with the deletion had a significantly higher total sperm count (378.8 × 10 6 versus 183.8 × 10 6 , P ¼ 0.047, Fig. 6 , Supplementary data, Table SIV ).
Discussion
The current study identified four novel partial deletion classes of the Y chromosome that were the result of NHR. All deletions encompassed the P3 palindrome but had four distinct proximal deletion breakpoints and thus we termed these P3a, P3b, P3c and P3d deletions. Men with a P3c deletion had a significantly higher total sperm count than those with no deletion from the same cohort, whereas men carrying one of the other deletion types showed no differences in sperm quality compared with those with no deletion. Interestingly, three out of four deletions had one breakpoint in the central part of a palindrome (P3a, P3b and P3d). More precisely, the P3a and P3b deletions had their distal breakpoint in the P2* palindrome while the P3d deletion had its proximal breakpoint in the P3 palindrome (Fig. 7) . Together with the two previously published non- Figure 4 The breakpoint sequence of the P3c deletion. (A) Breakpoint amplification using DNA from patients AMC0131 and AMC0687 results in a specific product. A control male sample with no deletion does not show this product. (B) Alignment of sequence from the distal turquoise amplicon, the proximal green amplicon and the breakpoint sequence, confirming that the deletion occurred between the turquoise and green amplicon with no sign of substantial overlap.
Deletions in AZFc caused by non-homologous recombination homologous P5/P1 deletions, these results show that the centers of human Y-palindromes are highly susceptible to breaks.
To localize the breakpoint regions of the P3a and P3c deletions, we used a novel qPCR method that was highly specific owing to unique combinations of primers and probes. This novel method allowed us to localize the breakpoints in ampliconic sequences, something that is not feasible with STS deletion screening. The fact that we were able to amplify the breakpoint in the three men with P3c deletions demonstrates the reliability of this new method, which may be useful for future studies in ampliconic regions.
We found single instances of P3a and P3b deletions, while we identified the P3c and P3d deletions in three unrelated men. Haplotype analysis showed that the men with a P3a and P3b deletion resided in Y chromosomal haplotype branch G whereas all men with a P3c deletion were in branch I1*, while all men with a P3d deletion resided in branch E1a*. The P3c deletion was of relatively recent origin as no variation in the microsatellite markers was found in the men with the P3c deletion despite the fact that they had distinct family names and thus were not closely related. In contrast, the men with a P3d deletion showed considerable microsatellite variation, indicating that this deletion is not of recent origin. In addition, we found that all men with a P3d deletion, as well as one man from our cohort without the deletion, had a slightly different YAP insert. Thus, we have identified three novel sub-branches of the Y Figure 5 Y chromosome haplotype analysis. Haplogroups E and I, the sub-branches that were explored and markers that define these sub-branches. chromosome haplotype tree: a sub-branch of I1* that contains the P3c deletion, a sub-branch of branch E1a* that contains a YAP insert with a partial duplication (YAP dup ) and finally a sub-branch of branch E1a* that contains both a YAP dup insert and a P3d deletion.
The increased total sperm count in men with a P3c deletion contrasts sharply with nearly all other Y chromosome deletions which result in decreased total sperm counts (Reijo et al., 1995; Vogt et al., 1996; Repping et al., 2002 Repping et al., , 2003 . Although the P3c deletion was identified in just three individuals, which leaves open the possibility that this is merely a chance finding, the total sperm count was increased compared with that of men without a deletion.
What can the explanation of the increased sperm counts in men with P3c deletions be? In theory, men from different Y chromosomal haplotype branches can have different sperm counts which could underlie the increased sperm counts present in men with P3c deletions. However, the association of the P3c deletion with increased sperm counts remained when we limited our analysis to men solely from branch I1*. Another explanation of the increased sperm counts in men with P3c deletions could be, as recently described for Drosophila (Lemos et al., 2008) , that the altered constitution of their AZFc region exerts (via as yet unidentified regulatory elements in this region) a significant impact on the expression and/or regulation of autosomal genes. Finally, the P3c deletion could affect genes other than the genes that are affected by deletions which are known to negatively affect sperm production, such as the gr/gr and AZFc deletions.
The gr/gr deletion affects the gene copy number of DAZ and BPY2 in the same way as the P3c deletion and, therefore, these two genes are most probably not the genes that resulted in the increased total sperm counts we found in men with P3c deletions. Another gene whose copy number was affected by the P3c deletion is RBMY1. However, the RBMY gene copy number is affected by the b1/b3 deletion in the same way as via the P3c deletion, and the b1/b3 deletion is not associated with increased or decreased sperm counts. In this perspective, the only difference between the P3c and other (partial) AZFc deletions that truly stands out is the deletion of a single PRY copy in P3c deletions: except for the recurrent b1/b3 and the single instances of the P3a and P3b deletion where both PRY copies are deleted, both gene copies are not deleted in all other (partial) AZFc deletions. PRY is thought to regulate the apoptosis of spermatids and spermatozoa (Stouffs et al., 2004) . Thus, the deletion of one PRY gene copy in men with a P3c deletion could theoretically result in a decreased rate of apoptosis and therefore an increase in the number of spermatids and hence spermatozoa.
It is important to note that we have identified only three men with a P3c deletion. Although their total sperm count was higher than that of men without P3c deletions, we cannot exclude the possibility that this was a chance finding. Future large-scale studies should be conducted to identify additional men with P3c and P3d deletions and to determine their phenotype, and to investigate the frequency of these deletions in branch I1* and branch E1a*. Deletions in AZFc caused by non-homologous recombination
In conclusion, we have found a novel subclass of partial AZFc deletions (P3a, P3b, P3c and P3d) that are all the result of NHR. Taken together with previously identified deletions resulting from homologous recombination between amplicons, these results demonstrate that the palindromic nature of the human Y chromosome renders it highly susceptible to deletions, some of which affect spermatogenesis and hence reproductive fitness.
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Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/. Figure 6 Effect of the P3c deletion on semen quality. Semen parameters of men with no deletion regardless of their haplotypic origin, men with no deletion from haplotype branch I1* and P3 deletions are shown. Volume, motility and morphology data are presented as mean + SD. Concentration, total sperm count and total motile sperm count data are presented as median with 25th and 75th percentile; owing to the low number of individuals with the P3c deletion, the percentile values for P3c could not be calculated. Figure 7 Schematic diagrams of the four identified AZFc deletions.
P3 stands for palindrome 3 and P2* stands for palindrome 2 which occurs on an inverted AZFc organization (gr/rg inversion). Proximal (p) and distal (d) breakpoint regions of the P3a, P3b, P3c and P3d deletions are indicated by red lines or boxes depending on the size of these regions.
